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Microstructure Evolution During Hot Deformation
of REX734 Austenitic Stainless Steel
MYKOLA KULAKOV, JIANGLIN HUANG, MICHAIL NTOVAS,
and SHANMUKHA MOTURU
Mechanical properties of a REX734 austenitic stainless steel were examined through
compression testing over a wide range of temperatures (1173 K to 1373 K (900 C to
1100 C)) and strain rates (0.1 to 40 s1) that cover deformation conditions encountered in
diﬀerent metalworking processes. The evolution of microstructure was studied using electron
microscopy combined with electron backscatter diﬀraction and energy-dispersive spectroscopy.
Partially recrystallized microstructures were obtained after compression testing at 1173 K
(900 C), while after deformation at 1273 K and 1373 K (1000 C and 1100 C), the material
was fully recrystallized almost in all examined cases. The role of dynamic and metadynamic
restoration processes in the formation of ﬁnal microstructure was investigated. R3 twin
boundaries lost their twin character and transformed into general high-angle grain boundaries
as a result of deformation, while during recrystallization new R3 twin boundaries formed. The
evolution of precipitates during compression testing and their role in the recrystallization
process was also discussed.
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I. INTRODUCTION
AUSTENITIC stainless steels are widely used to
manufacture orthopedic implants.[1,2] In the early 1980s,
REX734 nitrogen- and niobium-bearing stainless steel
was introduced for the fabrication of femoral prosthesis
for a total hip replacement; this alloy is still one of the
most common materials used for the fabrication of
femoral stems.[3,4] REX 734 stainless steel for femoral
stems is marketed under several brand names by
diﬀerent manufacturers and is standardized by both
ISO (5832-9) and ASTM (F1586) standards. The addi-
tion of nitrogen in REX734 stabilizes austenite,
improves resistance to crevice and pitting corrosion, as
well as strength during both monotonic and cyclic
loading. Compared to another austenitic stainless steel
grade 316L commonly used in implants, REX 734
provides superior corrosion resistance and mechanical
properties.[1,2]
Failures of femoral stems made of REX 734 stainless
steel are quite rare.[3–6] In some of the documented cases,
femoral stems failed after as little as 6 months.[3] The
root cause of these failures is typically associated with the
loss of proximal support, improper design, sizing or
positioning; once these precursors for failure are met,
femoral stems fail through corrosion-initiated fati-
gue.[3,5,7] A larger grain size and lower hardness are also
often noted on the surface compared to the stem interior;
the heterogeneity of grain structure was suggested as one
of the factors contributing to fatigue failures.[3,5] Coarse
and brittle second phase particles act as preferential sites
for the initiation of fatigue cracks during cyclic load-
ing.[8] Fatigue cracks can also initiate at R3 annealing
twin boundaries in austenitic stainless steels.[9,10]
The above observations of microstructure deﬁciencies
that potentially contribute to femoral stem failures
suggest the need to carefully control microstructure
evolution during REX 734 hot forming. Several studies
reported various aspects of the hot deformation behav-
ior for a REX 734 alloy. The material behavior after
solution annealing at 1523 K (1250 C) for 600 seconds
was studied through hot torsion testing at strain rates
0.01 to 10 s1 and temperatures 1173 K to 1473 K
(900 C to 1200 C).[11,12] According to the processing
map, deformation temperature should be above about
1323 (1050 C) to avoid ﬂow instabilities; in this
temperature range, microstructure evolution is domi-
nated by dynamic recrystallization. Hot torsion simula-
tions of a multipass deformation process after
solutionizing heat treatment at 1523 K (1250 C) for
300 seconds during continuous cooling showed that the
highest non-recrystallization temperature of about
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1398 K (1125 C) was achieved with an interpass time of
30 seconds.[13] The changes in non-recrystallization
temperature with interpass time were attributed to the
interaction between the recrystallization process and
precipitation of tetragonal CrNbN Z-phase[14]; shorter
interpass times lead to incomplete precipitation, while
precipitates coarsen during longer interpass times.
Multipass deformation above the non-recrystallization
temperature with a short interpass time results in a
microstructure comprised of ﬁne grain grains and a
distribution of ﬁne precipitates[15,16]; ﬁne intragranular
Z-phase precipitate increase strength.[17] Grain bound-
ary character distribution may also need to be con-
trolled to optimize the material performance.
In the present study, a series of hot compression tests
covering a wide range of temperatures and strain rates
was conducted followed by microstructure analysis.
Unlike the previous studies[11,12,15] where material was
solution annealed prior to mechanical testing, ﬂow
properties were evaluated at several temperatures below
the solution annealing temperature to avoid coarsening
of microstructure. Microstructure after hot compression
testing was analyzed using electron microscopy to
provide a comprehensive picture of various phenomena
taking place under diﬀerent hot deformation conditions.
II. MATERIALS AND METHODS
The REX734 stainless steel employed in this study
was produced through air melting followed by elec-
tro-slag remelting; the resulting chemical composition is
shown in Table I as per the manufacturer’s certiﬁcate.
The material was supplied in the form of a
Ø50-mm-round bar in an annealed condition (1800s at
1223 K (950 C) followed by water quenching). The
composition and properties conformed to ASTM
F1586:13 and ISO 5832-9:2007 standards.
Ø12918 mm samples with the axial direction parallel
to the radial direction of the as-received round bar were
machined for hot compression testing. The tests were
conducted at three temperatures—1173 K, 1273 K, and
1373 K (900 C, 1000 C, and 1100 C) and four strain
rates—0.1, 1, 10, and 40 s1 to the average true strain of
~ 0.6. For 0.1 and 1 s1 tests, screw-driven Zwick Z150
and hydraulic Zwick HA250 test machines were
employed, respectively; both machines were equipped
with three-zone Eurotherm electric furnaces. Samples
were coated with glass for lubrication and to protect the
surface from gaseous contamination. High strain rate
tests at 10 and 40 s1 were carried out on a Phoenix
servo-hydraulic forging simulator equipped with an
induction heating system.[18] For all strain rates, a
suspension of boron nitride was applied onto the top
and bottom faces of each sample and platens
to minimize friction. All deformed samples were water-
quenched with a delay of about 5 seconds. Stress–strain
curves were corrected for compliance, friction, and
adiabatic heating. The temperature increase due to
deformation heating was calculated assuming that all of
the mechanical energy was converted into heat. The
highest estimated temperature increase during compres-
sion testing at 40 s1 strain rate was 35 K, 25 K, and
19 K for 1173 K, 1273 K, and 1373 K (900 C, 1000 C,
and 1100 C) test temperatures, respectively; the tem-
perature increase during testing for the rest of strain
rates was lower.
The deformed samples were sectioned in the nor-
mal-radial direction plane for a detailed microstructure
analysis. They were hot-mounted in a conductive epoxy,
ground and polished with the last polishing step being
carried out on a vibratory polisher with colloidal silica.
The samples were examined using a FEI Quanta 650
ﬁeld-emission gun scanning electron microscope (SEM)
equipped with a X-MaxN 150 energy-dispersive X-ray
spectroscopy (EDS) and NordlysMax3 electron
backscatter diﬀraction (EBSD) detectors. Qualitative
EDS chemical composition analysis of precipitates was
carried out at 10 kV accelerating voltage to minimize the
interaction volume. All EBSD scans were conducted
using 20 kV accelerating voltage at a step size of 0.3 lm.
The physical EBSD resolution reported for a ﬁeld-emis-
sion scanning electron microscope operated at 15 kV
using an iron sample is 30 nm parallel to the tilt axis and
90 nm perpendicular to the tilt axis[19]; therefore, the
selected step size of 0.3 lm is likely to be not much
greater than the physical resolution at a higher acceler-
ating voltage of 20 kV. Approximately 150 9 200 lm
areas were scanned at the equatorial mid-radius loca-
tions to avoid regions of potentially high strain in the
centrer of a sample and low strain near the sample
periphery as a moderate barreling was observed for all
samples. The indexing rate was over 84 pct and in many
cases exceeded 95 pct. The EBSD data were analyzed
using MTEX toolbox for Matlab.[20] Grains were
detected using the minimum boundary misorientation
of 5 deg. Grains which comprised less than ten data
points were removed. Non-indexed pixels and data
points belonging to the ﬁne discarded grains were
automatically assigned to neighboring grains. Grain
boundaries were also smoothed (Laplacian smoothing,
three iterations) to minimize the eﬀect of the pixilated
boundary shape obtained with a grid-based EBSD scan
on the analysis. For the recrystallization analysis, a
grain orientation spread (GOS) of 1.5 deg was used to
diﬀerentiate recrystallized and unrecrystallized
grains.[21] A recrystallized fraction was calculated as a
ratio of the area of recrystallized grains to the total scan
area. For the grain boundary analysis, boundaries with
a misorientation between 5 and 15 deg were considered
as low-angle grain boundaries. High-angle grain bound-
aries were further classiﬁed into R3 (60 deg h111i), R9
(38.94 deg h110i), R27 (31.59 deg h110i and 35.43 deg
h210i), and random grain boundaries. The maximum
Table I. Chemical Composition of REX734 Stainless Steel
(Weight Percent)
C Cr Ni Mn Mo N
0.036 20.90 10.39 3.72 2.18 0.43
Si Nb Cu P S V+W+Co+Ti+Al
0.36 0.35 0.13 0.016 0.0003 0.20
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deviation from the ideal orientation for R3, R9, and R27
boundaries were 8.66, 5, and 2.89 deg, respectively,
according to the Brandon criterion.[22] A fraction of R3,
R9, and R27 boundaries was calculated as a ratio of the
length of R3, R9, or R27 boundary segments to the total
length of all high-angle grain boundary segments. A
ratio of the length of R3 boundaries to the scan area was
used to obtain a density of this boundary type. The
average of microstructural parameters listed above was
calculated for each EBSD map partitioned into four
quadrants; the standard deviation was used to estimate
the uncertainty of the EBSD analysis. For fully recrys-
tallized microstructures, the average equivalent grain
diameter was calculated with and without twin bound-
aries for each full EBSD map; in this case, grains were
detected using a minimum misorientation of 15 deg.
Partial grains touching the boundary of the scan frame
were excluded from the analysis. Vickers hardness was
measured for the same locations analyzed with EBSD;
sixteen measurements were conducted at 1 kgf load and
15 seconds of dwell time.
III. RESULTS
The starting microstructure comprises equiaxed
grains, see Figure 1 (the actual scan area is about four
times the map in Figure 1). Most grains possess a grain
orientation spread of less than 1 deg. Varying the grain
orientation spread threshold between 1 and 2 deg had a
negligible eﬀect on recrystallized fraction for the as-re-
ceived material and other samples examined in the
present study. There are many annealing twins present
in the microstructure. Some of the ﬁne annealing twins
that can be discerned in Figure 1(a) are not accounted
for in the reconstructed grain structure in Figure 1(c)
(white pixels arranged in a linear pattern). This did not
have a signiﬁcant eﬀect on results presented herein due
to the fact that these ﬁne microstructural features are
relatively infrequent. Most of the grain boundaries are
of the high-angle type (about 99 pct). R3 twin bound-
aries constitute 55 pct of all high-angle grain bound-
aries, while there were only 3 and 2 pct of R9 and R27
boundaries, respectively. A tolerance angle smaller than
the Brandon criterion is often used in the literature to
diﬀerentiate various boundaries; for example, for R3
boundaries, a tolerance angle as small as 2 deg has been
used.[23] In the as-received material, most of R3 bound-
aries are found within 1 deg of the ideal orientation.
Both the length fraction and density of R3 boundaries
are rather insensitive to the maximum angular deviation
varying between 2 and 8.66 deg. The density of R3
boundaries is about 0.2 lm1. The average equivalent
grain diameter with and without twin boundaries is
equal to 6 and 12 lm, respectively, due to the fact that
R3 twin boundaries constitute 55 pct of the entire length
of all high-angle grain boundaries. The hardness of the
as-received material is about 240 HV. The high-magni-
ﬁcation backscatter electron image in Figure 2(a) shows
second phase particles in the as-received material.
Although quantitative chemical analysis of precipitates
in SEM is not possible due to a relatively large
interaction volume even at 10 kV accelerating voltage
and unavoidable contributions to the signal from the
matrix, chemical composition of the precipitates
detected in the as-received material was analyzed qual-
itatively. The three main peaks for the location far from
any visible precipitates (orange diamond in Figure 2(b))
correspond to iron, chromium, and nickel, in agreement
with the nominal chemical composition shown in
Table I. Three types of second phase particles were
identiﬁed in the as-received material. The larger elon-
gated and smaller spherical light particles have a similar
chemical composition and contain mostly niobium and
chromium as shown in Figure 2(b) (red triangle and
Fig. 1—Microstructure of the as-received REX734 stainless steel: (a)
as-collected orientation map (inverse pole ﬁgure coloring with
respect to the radial direction of the as-received Ø50 mm round bar),
(b) grain orientation spread map, (c) band contrast map with
diﬀerent types of grain boundaries.
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blue circle); these precipitates are likely to be a tetrag-
onal CrNbN Z-phase.[14] The large up to about
10-lm-long Z-phase precipitates are elongated in the
rolling direction, while spherical submicron Z-phase
particles are found both on grain boundaries and inside
of grains. Small dark second phase particles mostly
contain chromium; these are likely to be chromium
nitrides.[24]
The ﬂow stress increases with decreasing temperature
and increasing strain rate, see Figure 3. All of the
stress–strain curves exhibit a single peak suggesting the
occurrence of dynamic recrystallization[25,26]; although
the peak is not well deﬁned for the highest strain rate of
40 s1.
The eﬀect of deformation temperature and strain rate
on recrystallized volume fraction is shown in Figure 4.
Higher recrystallized volume fractions are observed at
higher temperatures. For 1173 K and 1273 K (900 C
and 1000 C) deformation temperatures, recrystallized
volume fraction increases with strain rate.
An example of a partially recrystallized microstruc-
ture after deformation at 1173 K (900 C) temperature
and 40 s1 strain rate is shown in Figure 5. Recrystal-
lized grains with a much lower GOS compared to
elongated unrecrystallized grains are located in the
vicinity of boundaries of deformed grains as shown in
Figure 5(b). The partitioning to diﬀerentiate between
Fig. 2—Microstructure of the as-received REX734 stainless steel: (a)
backscattered electron image, (b) EDS spectra of the regions marked
in (a).
Fig. 3—Stress–strain curves at (a) 1173 K (900 C), (b) 1273 K
(1000 C), and (c) 1373 K (1100 C).
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recrystallized and unrecrystallized grains illustrates that
low-angle grain boundaries formed in unrecrystallized
grains. Moreover, R3 twin boundaries that comprise
about half of all high-angle grain boundaries in the
starting microstructure are virtually absent within
deformed grains; only recrystallized grains contain twin
boundaries newly formed in the course of recrystalliza-
tion, see Figures 5(c) and (d).
A fully recrystallized microstructure after deforma-
tion at 1273 K (1000 C) temperature and 1 s1 strain
rate comprises ﬁne equiaxed grains, Figure 6. The
majority of the grains possess a low grain orientation
spread. Similarly to the starting microstructure, general
high-angle grain boundaries and annealing twin bound-
aries are prevalent after the completion of
recrystallization.
For fully recrystallized microstructures, the average
grain diameter with R3 twin boundaries excluded is
about twice the grain size when all high-angle grain
boundaries are taken into account (Figure 7). Com-
pared to the initial pre-deformation microstructure, the
grain size decreases by a factor of two when the material
is deformed at 1273 K (1000 C); a smaller grain
reﬁnement is achieved during deformation at 1373 K
(1100 C). At 1373 K (1100 C) deformation tempera-
ture where fully recrystallized microstructure was
obtained for the entire strain rate range employed in
this study, the grain size decreases as strain rate is
increased.
A summary of changes in the population of various
grain boundaries for diﬀerent deformation temperatures
and strain rates is shown in Figures 8 through 10. Only
in partially recrystallized microstructures (all four strain
rates at 1173 K (900 C) deformation temperature and
0.1 s1 at 1273 K (1000 C)), low-angle grain bound-
aries constitute a signiﬁcant fraction of all boundaries;
Fig. 4—Eﬀect of deformation temperature and strain rate on
recrystallized volume fraction (error bars denote one standard
deviation based on the quadrant analysis).
Fig. 5—Partially recrystallized microstructure after deformation at 1173 K (900 C) temperature and 40 s1 strain rate: (a) as-collected
orientation map (inverse pole ﬁgure coloring with respect to the compression axis), (b) grain orientation spread map, band contrast map with
diﬀerent types of grain boundaries in (c) recrystallized and (d) unrecrystallized grains.
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in fully recrystallized samples, low-angle grain bound-
aries are virtually absent, Figure 8. At 1173 K (900 C)
deformation temperature, the fraction of R3 annealing
twin boundaries increases with strain rate and recrys-
tallized fraction, Figures 9(a) and (b). Irrespective of
strain rate and/or deformation temperature, in fully
recrystallized samples, the fraction of R3 annealing twin
boundaries reaches a constant level of about 0.5, i.e.,
similar to the pre-deformation content. The density of
R3 grain boundaries increases with strain rate for all
three deformation temperatures; this is correlated to the
increase in recrystallized fraction with strain rate after
deformation at 1173 K (900 C) as well as the decrease
in the average recrystallized grain size in fully recrystal-
lized samples, Figures 9(c) and (d).
Only a relatively small fraction of high-angle grain
boundaries fulﬁll the criteria for R9 and R27 boundaries
generated through the interaction of R3n boundaries;
their cumulative fraction is below about 5 pct and there
is no well-deﬁned trend on how the R9 and R27
boundary fraction changes with deformation tempera-
ture and strain rate, Figure 10.
Microstructure after deformation at the three tem-
peratures and 1 s1 strain rate is shown in Figure 11.
Both large elongated and small spherical Z-phase
particles are present in all samples; visually, their
volume fraction did not change compared to the
pre-deformation microstructure shown in Figure 2.
Even the highest deformation temperature of 1373 K
(1100 C) is still about 150-200 K below the Z-phase
solvus temperature.[16,17,24]
Dark precipitates [marked with white arrows in
Figure 11(a)] considered to be chromium nitrides delin-
eate some grain boundaries after deformation at 1173 K
Fig. 6—Fully recrystallized microstructure after deformation at
1273 K (1000 C) temperature and 1 s1 strain rate: (a) as-collected
orientation map (inverse pole ﬁgure coloring with respect to the
compression axis), (b) grain orientation spread map, (c) band
contrast map with diﬀerent types of grain boundaries.
Fig. 7—Grain size analysis in fully recrystallized samples (a)
excluding and (b) including annealing twin boundaries (broken lines
indicate initial microstructure).
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(900 C). Qualitatively, there appears to be more pre-
cipitates compared to the starting microstructure. The
solvus temperature for chromium nitrides is between
about 1273 K and 1343 K (1000 C and 1070 C)
depending on the nitrogen concentration.[24] Additional
chromium nitride precipitates formed along boundaries
of undeformed grains during the soaking at 1173 K
(900 C) prior to deformation. Some chromium nitrides
are still present in fully recrystallized microstructure
after deformation at 1273 K (1000 C), Figure 11(b).
Most of them are no longer residing on grain boundaries
as they detached from grain boundaries in the course of
recrystallization. All chromium nitride precipitates dis-
solved after compression testing above the solvus
temperature at 1373 K (1100 C), Figure 11(c).
Hardness mainly depends on the deformation tem-
perature rather than on strain rate as shown in
Figure 12. A signiﬁcantly higher hardness can be
achieved after compression at 1173 K (900 C)
compared to 1273 K and 1373 K (1000 C and
1100 C). However, strain rate has an almost negligible
eﬀect on the ﬁnal hardness.
IV. DISCUSSION
Compared to high-temperature mechanical properties
reported for a REX734 austenitic stainless steel [1 and
10 s1 at 1173 K, 1273 K, and 1373 K (900 C,
1000 C, and 1100 C)],[11] ﬂow stress values obtained
in this study are about 20 pct higher. The material in the
previous study was solutionized for 600 seconds at
1523 K (1250 C) and had a grain size of 85 lm before
deformation; moreover, the time during cooling at
2 K s1 to deformation temperatures and during torsion
testing might not have been suﬃcient to re-precipitate all
second phase particles. For example, it takes more than
600 seconds to reach peak hardness due to precipitation
of Z-phase during aging of REX734 at 1273 K
(1000 C).[17] While in the present study, the material
was deformed without solutionizing and had a relatively
small grain size of 12 lm. These microstructural diﬀer-
ences explain the higher ﬂow stresses observed in the
present study.
As the stress–strain curves shown in Figure 3 exhibit
peaks, dynamic recrystallization started during com-
pression testing. Typically, an increase in strain rate
delays dynamic recrystallization.[26] However, the
observed increase in recrystallized volume fraction with
strain rate suggests that metadynamic recrystallization
took place during the quench delay. Even at the lowest
strain rate of 0.1 s1, it took 6 seconds to achieve the
ﬁnal strain of 0.6 followed by 5 seconds of delay before
quenching; for higher strain rates, the quench delay is
orders of magnitude higher than the deformation time.
Recrystallized grains formed during deformation most
likely grew rapidly during the few seconds available
after deformation prior to quenching. An increase in
strain rate also accelerates metadynamic recrystalliza-
tion[27] by suppressing dynamic recovery so that a higher
stored energy is available for metadynamic recrystal-
lization. Finally, as most of the mechanical energy is
dissipated in the form of heat during deformation,
adiabatic heating also contributes to the acceleration of
recrystallization kinetics with strain rate; the tempera-
ture increase due to deformation heating is higher at low
deformation temperatures as discussed above. The
absence of a signiﬁcant intragranular misorientation
after the completion of recrystallization (see Figure 6)
also supports the above conclusion that most of
recrystallization took place during the quench delay.
Partially recrystallized samples after deformation at
1173 K (900 C) possess a signiﬁcantly higher hardness
compared to samples deformed at either 1273 K or
1373 K (1000 C or 1100 C). However, the stress–
strain curves shown in Figure 3 suggest a limited extent
of softening and, therefore, of dynamic recrystallization
during deformation. This observation once again sug-
gests that most of recrystallization happened during the
quench delay.
Fig. 8—Length fraction of low-angle grain boundaries as a function
of (a) deformation temperature and strain rate, (b) recrystallized
volume fraction (broken lines indicate initial microstructure, error
bars denote one standard deviation based on the quadrant analysis).
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Low-angle grain boundaries formed in unrecrystal-
lized grains due to recovery. Although an experimentally
measured value is not available, a stacking fault energy
estimate at room temperature based on the empirical
expression obtained for several austenitic stainless steels
and taking into account the eﬀect of nickel, chromium,
magnesium, and molybdenum yields a value of
69 mJ m2.[28,29] The stacking fault energy is expected
to be higher for the range of deformation temperatures
employed in this study; however, the consideration of
nitrogen would have an opposite eﬀect on the stacking
fault energy estimate. Therefore, during and after hot
deformation of a REX734 alloy having an intermediate
level of stacking fault energy, the stored energy is
reduced through both recovery and recrystallization.[29]
Slip transfer across interfaces is a complex process
which depends on multiple factors including but not
limited to properties of the boundary, the type of the
dislocation, the orientation of slip systems in the
adjacent grains, etc.[30] As a result of the interaction
between dislocations and grain boundaries, lattice dis-
locations can be either partially or fully incorporated
Fig. 9—Length fraction of R3 boundaries as a function of (a) deformation temperature and strain rate and (b) recrystallized volume fraction,
density of R3 boundaries as a function of (c) deformation temperature and strain rate and (d) equivalent grain diameter for fully recrystallized
samples (broken lines indicate initial microstructure, error bars denote one standard deviation based on the quadrant analysis).
Fig. 10—Length fraction of R9 and R27 boundaries as a function of
deformation temperature and strain rate (broken lines indicate initial
microstructure, error bars denote one standard deviation based on
the quadrant analysis).
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into the grain boundary, thereby changing its character.
During hot deformation of a REX734 alloy, R3 twin
boundaries lose their twin character and transform into
general high-angle grain boundaries. Similar observa-
tions have been reported for other alloys.[31,32] As
high-angle grain boundaries move to reduce the overall
stored energy during recrystallization, new annealing
twin boundaries form on migrating {111} planes and are
left behind in recrystallized grains.[33] The frequency of
annealing twins after thermomechanical processing
increases with the energy stored due to deforma-
tion.[34–36] A higher stored energy available after defor-
mation at 1273 K (1000 C) is responsible for a smaller
recrystallized grain size and a higher density of anneal-
ing twin boundaries compared to those after 1373 K
(1100 C) deformation.
The morphology of coarse Z-phase precipitates was
not altered as a result of deformation either; they are
likely not to deform with the surrounding matrix.
Orientation gradients are formed around large non-de-
formable particles due to strain incompatibility which
leads to particle-stimulated nucleation.[37] This mecha-
nism assisted the recrystallization process in the present
study. Recrystallized grains marked with a red circle and
adjacent to about 10 lm-long Z-phase precipitate can be
seen in Figure 11(a). On the contrary, ﬁne Z-phase
precipitates are expected to pin grain boundaries of
recrystallizing grains thereby slowing down the recrys-
tallization process. The variation in the content of
chromium nitride precipitates with deformation temper-
ature leads to a diﬀerent level of pinning pressure on
grain boundaries. A higher fraction of chromium nitride
precipitates at 900 C inhibits recrystallization; while
during/after deformation at 1100 C, where all chro-
mium nitride precipitates dissolve, grain boundaries
have fewer obstacles to overcome in the course of
recrystallization.
V. CONCLUSIONS
The following conclusions can be drawn from the
present study:
1. Both dynamic and post-dynamic restoration pro-
cesses contribute to the formation of the final
microstructure after compression testing; the latter
takes place during the quench delay.
2. Deformation at 1173 K (900 C) leads to a partially
recrystallized microstructure, while fully recrystal-
lized samples are obtained after deformation at
Fig. 11—Backscattered electron image after compression testing
using the following combinations of temperature and strain rate: (a)
1173 K (900 C) to 1 s1, (b) 1273 K (1000 C) to 1 s1, (c) 1373 K
(1100 C) to 1 s1 (arrows in (a) indicate chromium nitride
precipitates delineating grain boundaries of unrecrystallized grain,
circle in (a) highlights several recrystallized grains adjacent to a large
Z-phase precipitate).
Fig. 12—Eﬀect of deformation temperature and strain rate on
hardness (broken lines indicate initial microstructure, error bars
denote one standard deviation).
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1273 K (1000 C) (except for the slowest strain rate
of 0.1 s1) and 1373 K (1100 C).
3. The high population of R3 annealing twin bound-
aries originally present in the starting microstruc-
ture is transformed into general high-angle grain
boundaries in the course of deformation. As a
result, in partially recrystallized samples, unrecrys-
tallized regions contain only low- and general
high-angle grain boundaries. New R3 boundaries
form in the course of recrystallization.
4. The length fraction of R3 annealing twin boundaries
reaches the pre-deformation level of about 50 pct of
the total length of all high-angle grain boundaries in
fully recrystallized samples irrespective of deforma-
tion temperature and strain rate; while the final
density of R3 annealing twin boundaries increases
with strain rate and decreases with temperature.
5. Based on the qualitative analysis of precipitates,
Z-phase and chromium nitrides are found in the
starting microstructure; the size and morphology of
Z-phase precipitates does not appear to have been
affected by compression testing, while the amount
of chromium nitrides decreases with deformation
temperature, completely disappearing after defor-
mation at 1373 K (1100 C).
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